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Persistent viruses occur intracellularly in brown algae, specifically the Ectocarpales, and as reported here in the genus
Feldmannia. Feldmannia species are small (1 mm–several cm), filamentous forms with single-celled meiotic sporangia that
normally produce haploid zoospores. In the isolate reported here, spores were not observed in the sporangia but rather
numerous (106 per cell) polyhedral viruses are formed in their place. Two dsDNA genome classes of 158 and 178 kbp,
with two restriction site variants of each, are described. The individual abundance of each genome in viral preparations is
affected by culture temperature. A cosmid library was used to generate circular restriction enzyme (BamHI, NotI, and PstI)
site maps. q 1996 Academic Press, Inc.
INTRODUCTION vealed a 173-bp direct repeat in large numbers (Lee et al.,
1995). Studies of a HindIII– SstI 4.5-kbp genome fragment
We have previously described a persistent virus that demonstrated the presence of three transcriptionally ac-
occurs intracellularly in a filamentous marine brown alga tive open reading frames, one of which contains an ATP
(Class Phaeophyceae) of the genus Feldmannia (Henry binding site and a ‘‘RING’’ zinc finger motif (Krueger et
and Meints, 1992). Similar infections have been reported al., 1996). The gene for the major capsid protein has also
in Feldmannia simplex and F. irregularis (Mu¨ller and been characterized (Jia et al., manuscript in preparation).
Frenzer, 1993; Friess-Klebl et al., 1994). Additionally, vi- In this report we present evidence for the existence of a
ruses have been shown in other Ectocarpales, e.g., Ecto- group of highly related viruses, all simultaneously in-
carpus fasciculatus (Clitheroe and Evans, 1974), Ectocar- fecting a single isolate of Feldmannia. Two genome size-
pus siliculosus (Mu¨ller et al., 1990), Streblonema sp. (La classes (158 and 178 kbp, with two variants of each),
Claire and West, 1977), and Sorocarpus uvaeformis (Ol- whose individual abundance in viral preparations is af-
iveira and Bisalputra, 1978). Very little is known about fected by culture temperature, were identified.
the significance of viruses as pathogens in field algal
populations or about their individual host ranges (re-
MATERIALS AND METHODSviewed in Van Etten et al., 1991; Henry and Meints 1992;
Mu¨ller, 1992; Mu¨ller and Stache, 1992; Mu¨ller and Parodi, Alga and virus cultures
1993; Fuhrman and Suttle, 1993).
Viral DNA was isolated from unialgal cultures initiatedMolecular fine structure, mechanisms of replication,
from single vegetative cells of the filamentous browninfectivity, and gene expression in algal viruses have only
alga, Feldmannia sp. Algal culture and viral DNA isolationrecently been studied. Some progress has been made
were carried out as previously described (Henry andin the understanding of viruses infecting E. siliculosus,
Meints, 1992; Lee et al., 1995).a closely related organism. EsV has been demonstrated
to have a very large (350 kbp) dsDNA genome with circu-
Pulsed-field electrophoresis of virionslar topology. Presumably integrated into the host ge-
nome, offspring produced from heterozygotes segregate Purified FsV virions were embedded in 1% SeaPlaque
viruses in a Mendelian fashion (Mu¨ller et al., 1990, 1993; (FMC) agarose and agarose plugs were digested in 0.5
Mu¨ller, 1991; Lanka et al., 1993, Bra¨utigam et al., 1995). M EDTA, 1% sodium Sarkosyl, 1 mgrml01 Proteinase K
Preliminary analysis of the genome structure of FsV at 377C for 24 hr, then rinsed five times in 0.05 M EDTA,
(for Feldmannia species virus) has been reported (Henry and stored at 47C in 0.5 M EDTA. For NotI digests the
and Meints, 1992; Lee et al., 1995). Sequence analysis agarose plugs were washed twice in 0.05 M Tris (pH
of fragments with redundant hybridization patterns re- 7.0) at 47C for 1 hr, equilibrated in 11 restriction buffer
(0.1 M NaCl, 0.05 M Tris–HCl (pH 7.9), 0.01 M MgCl2 ,
0.001 M dithiothreitol, 0.1 mgrml01 BSA) at 47C for 2 hr,1 To whom reprint requests and correspondence should be ad-
dressed. and digested with 50 units of NotI enzyme (New England
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Biolabs, Beverly, MA) at 377C for 21 hr. Pulsed-field elec-
trophoresis was carried out in a Bio-Rad CHEF-DR II
apparatus in 1% agarose (IBI) gels in 0.51 TBE buffer at
200 V, 20–27 sec ramp, 157C, for 24 hr.
Agarose gel electrophoresis
FsV genomic DNA was digested with BamHI or PstI
(New England Biolabs) at 377C for 4 hr and electropho-
resed through a 0.8% agarose gel in TAE buffer (0.04
M Tris-acetate, 0.001 M EDTA). Gels were stained with
ethidium bromide and photographed by UV transillumina-
tion with Polaroid Type 55 film.
Southern hybridization
For Southern blots, the electrophoresed DNAs were
depurinated in 0.25 N HCl, denatured in 1.5 M NaCl, 0.5
N NaOH, transferred to a nylon membrane (Hybond N,
Amersham), and baked for 2 hr at 807C. Probes were
prepared by radiolabeling 50–100 ng of gel-purified DNA
with 50 mCi of [a-32P]dATP (3000 Ci/mM) using a random
primer extension kit (United States Biochemicals, Cleve-
land, OH). Southern blots of FsV DNA were prehybridized
for 1 hr in the hybridization buffer (50% formamide, 7%
SDS, 0.12 M Na-phosphate buffer, pH 8.2) and then hy-
bridized in 15 ml of the same buffer containing 1.5–3 1
107 dpm of labeled probe at 427C for 6 hr. Hybridized FIG. 1. Ethidium bromide-stained pulsed-field gel of isolated virions
membranes were washed twice for 20 min in 0.11 SSC, from algal cultures grown at 6.5, 10, and 197C showing two size-classes
of viral genome. The abundance of each size-class is dependent upon0.1% SDS and autoradiographed at 0807C with intensi-
the temperature at which the algal culture is grown. The bulk of thefying screens or exposed on a Phosphor screen and the
ethidium bromide-stained material remains in the wells.signal strength quantitated using a Phosphorlmager SI
and ImageQuant software (Molecular Dynamics, Sun-
nyvale, CA). ware to determine the relative proportions of the various
genomes.
Cosmid library construction
RESULTSTotal FsV DNA isolated from 187C cultures was par-
tially digested with Sau3AI, CIAP treated, and ligated into Temperature-dependent abundance of FsV DNAs
the BamHI site of Supercos 1 (Stratagene, La Jolla, CA).
Pulsed-field electrophoresis of isolated virions demon-The ligated DNA was packaged using the Gigapack II
strated the presence of two size-classes of viral genomePackaging Extract (Stratagene) and transfected into XL1-
of approximately 160 and 180 kbp when compared toBlueMR cells. The library was screened by isolating DNA
yeast size markers (Fig. 1). Abundance of these two size-from colonies picked at random, using standard alkaline
classes is dependent on culture temperature. Viral DNAslysis DNA minipreps (Sambrook et al., 1989) and by col-
isolated from algal cultures grown for 2 to 3 weeks atony hybridization (Sambrook et al., 1989). Restriction frag-
low temperature (5 to 107C) are predominantly of thement order was determined by analysis of overlapping
large size-class. At intermediate temperatures (157C)clones and by the use of partial digests probed with
both genomes are present in nearly equal proportionsend-labeled, vector-specific oligonucleotides (Tartof and
(data not shown), whereas at higher temperatures (18–Hobbs, 1988).
207C) the small size-class predominates (Fig. 1).
Restriction endonuclease digestion patterns of viralDensitometric analysis
DNA also vary depending upon the temperature at
which the host was cultured (Fig. 2). Viral DNA isolatedPhotographic negatives of agarose gels were scanned
using the Molecular Dynamics (Sunnyvale, CA) Personal from cultures grown at high temperature produced re-
striction patterns of both size-classes while at low tem-Densitometer and the image was analyzed using Im-
ageQuantNT (Molecular Dynamics, Sunnyvale, CA) soft- peratures largely the 178-kbp size-class pattern was
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FIG. 2. (A) Ethidium bromide-stained gel of FsV DNA isolated from 9 and 187C cultures digested with BamHI and PstI. The middle lane contains
HindIII-digested l DNA. Temperature-dependent band intensities vary with the abundance of different viral genomes. BamHI fragment A is unique
to the small size-class and is present only at 187C, while fragment CC is unique to the large size-class and is most abundant at 97C. Fragment E
is common to both size classes. Fragments I and J demonstrate the unequal abundance of the two small size-class genomes at 187C. Numbers
represent size of l fragments in kbp. (B) Southern blot of the gel from A probed with BamHI fragment G. This region is polymorphic among all four
genomes. Numbers represent sizes of l fragments in kbp.
produced. The stoichiometry of the digests is further were able to construct a circular map of BamHI, NotI,
and PstI endonuclease sites for all four genomes (Fig.complicated by the presence of two restriction site
variants in each size-class. Quantitative analysis of 3). We have never recovered a cosmid or plasmid clone
across the junction of PstI fragments A and F despiteSouthern blots by phosphor imaging and densitometric
analysis of ethidium bromide-stained agarose gels repeated attempts at forced directional cloning. How-
demonstrated that at 97C the two large size-class ge-
nomes are present in roughly equal amounts with very
TABLE 1little representation of the small size-class, while at
187C the two small size-class variants are dispropor- Relative Proportions of the Four Viral Genomes
from 9 and 187C Algal Culturestionately represented and there is a significant amount
of one of the large size-class variants (Table 1).
97C 187C
FsV DNAs map as circles
FsV-178A 0.44 —
FsV-178B 0.51 0.41A cosmid library of FsV DNA from an 187C culture was
FsV-158A — 0.19constructed. By restriction digest analysis of overlapping
FsV-158B 0.05 0.40
clones, partial digests, and Southern blot analysis we
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ever, using PCR with primers constructed from known known. Viral replication occurs only in the sporangia of
the alga, so if all four genomes are replicated within asequences near the ends of A and F we were able to
produce appropriate-sized fragments spanning the in- single sporangium it suggests that regulation of abun-
dance involves temperature-dependent cis acting fac-tervening PstI site, demonstrating that the two PstI frag-
ments are contiguous. We have also recovered l clones tors. Preliminary data (not shown), however, suggest that
viral genome abundance may be at least size-class-spe-from this region, further substantiating that A and F are
contiguous. cific in an individual sporangium and possibly even ge-
nome variant-specific.The genomes of FsV are circular. The bulk of the ethid-
ium bromide-stained material remains at the electropho- Southern blot analysis showed all four genomes to be
highly conserved at the level of overall sequence similar-retic origin (Fig. 1), consistent with the observation that
large open circle molecules do not enter PFGE gels (Lev- ity. We have not identified any restriction fragment that
does not share sequence similarity with all four ge-ene and Zimm, 1987), whereas the wells are cleared
when the DNA is treated with NotI (data not shown). nomes. Although there are differences in restriction frag-
ment lengths, all four genomes share a number of restric-When FsV DNA was first treated with Bal31 and then
digested with BamHI, EcoRI, PstI, or SstI, there was no tion fragments (20 of 30 for PstI and 19 of 42 for BamHI)
(Table 2). The variants within each size-class appear tochange in the restriction pattern when compared to di-
gests of DNA not treated with Bal31 (data not shown), vary only by a limited number of restriction sites, whereas
the difference between the two size-classes involves du-suggesting a circular conformation. However, this result
does not exclude the possibility that proteins are cova- plication and/or deletion of sequences.
The 20-kbp difference between the two size-classeslently associated with the termini. NotI digests of FsV
DNA produce distinct fragments (data not shown), sug- can be assigned to three regions of the map. The first
region, between BamHI fragments O of FsV-158 (U / KKgesting that the genome is not a circularly permuted
linear structure. in FsV-178) and D of both FsV-158 and -178, accounts for
approximately 12–13 kbp and involves multiple copies of
a 173-bp repeat family and flanking sequences, as weDISCUSSION
have previously reported (Lee et al., 1995). The second
region of approximately 7 kbp maps to the region be-Feldmannia diploid sporophytes produce large num-
bers of reproductive unilocular sporangia as part of their tween PstI fragments G and M of all four genomes. The
third region of 0.6 kbp between PstI fragment DD andnormal life cycle, producing haploid zoospores as the
result of meiosis. Spores are not formed in this isolate, BamHI fragment E is highly polymorphic (Fig. 3). All four
FsV genomes differ in this region in both BamHI and PstIbut transmission electron microscopy reveals that the
sporangia are filled with polyhedral viruses displacing restriction sites, and one of the genomes (FsV-178B) also
contains an additional NotI site in this region. Based onvirtually all of the cellular contents. The virus is visible
only in the meiotic sporangia (reproductive cells) of the these observations and measurements we conclude that
the two viruses are very closely related.sporophyte and nowhere else in the plant. Because the
sporangia produce virions instead of spores, this isolate The genome of FsV is composed of circular double-
stranded DNA. This was the original structure proposedreproduces strictly vegetatively and grows vigorously in
culture. No trace of virus particles is evident in vegetative for the PBCV-1 genome (Girton and Van Etten, 1987), yet
that genome was subsequently shown to be linear withcells, nor has infectious entry of viruses into sporangia
ever been observed. We have obtained no evidence indi- covalently closed hairpin ends (Rohozinski et al., 1989).
The confusion over the PBCV-1 genome conformationcating that infection somehow continuously recurs else-
where in the plant and that we have simply failed to arose due to the repetitive nature of those ends. We do
not believe this is the situation with FsV for three reasons.see or prevent it. This suggests that the viral genome is
integrated into that of the host or that it exists as a nu- First, we have been able to clone and account for all
restriction fragments of at least 400 bp for BamHI digestsclear episome whose abundance is tightly regulated with
mitosis. In either case the viral genomes would be con- and 500 bp for PstI digests. If the FsV genome were
linear we would expect there to be nonclonable ends,tained in each vegetative cell, ultimately to be expressed
when vegetative cell differentiation leads to production which does not appear to be the case; we have been
able to clone all viral fragments in cosmids, plasmids, orof a reproductive sporangium.
The temperature-dependent expression of the viral ge- in phage l. Second, experiments done with the single-
strand-specific endonuclease BalI failed to identify anynomes could be controlled at any of a number of different
levels including, but not limited to, development of the sensitive restriction fragments of FsV as ends, in contrast
to control experiments with PBCV-1 DNA (cf. Rohozinskisporangium, sporangium cell cycle, excision of the viral
genome from the host chromosome before replication, et al., 1989). Third, most of the undigested FsV DNA
remains at the origin of pulsed-field electrophoretic gelsviral DNA replication, or packaging of the viral DNA.
Whether this regulation acts in cis or trans is not yet as observed for large open circular DNAs (Levene and
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TABLE 2
BamHI, PstI, and NotI Fragment Sizes Assigned to the Four FsV Genomes
BamHI Size PstI Size
fragments (kb) FsV-178A FsV-178B FsV-158A FsV-158B fragments (kb) FsV-178A FsV-178B FsV-158A FsV-158B
A 23.0 — — A A A 33.0 A A — —
B 22.2 B B — — B 22.4 B B — —
C 19.9 C C — — C 20.2 — — C C
D 14.3 D D D D D 17.9 — — D D
E 11.3 E E E E E 17.3 E E E E
F 10.3 F F — — F 14.4 F F F F
G 9.3 G — — — G 13.9 G G G G
H 9.3 — — H H H 11.6 H H H H
I 8.9 — — I — I 9.6 I I I I
J 8.4 — — — J J 9.5 J — — —
K 7.9 — K — — K 8.8 — — K —
L 7.9 — — L L L 8.2 L L L L
M 6.6 M M M M M 5.4 M M M M
N 6.5 N N N N N 5.5 — N — —
O 6.4 — — O O O 5.2 O O O O
P 6.3 P P P P P 5.1 P P P P
Q 6.2 Q Q — — Q 4.5 — — — Q
R 6.0 R R R R R 4.2 — — — R
S 5.2 S S S S S 3.8 — S — —
T 4.9 T T — — T 3.8 T T T T
U 4.5 U U — — U 3.0 U U U U
V 3.8 V V V V V 3.0 V V V V
W 3.8 W W W W W 2.9 W W W W
X 3.9 — — X X X 2.0 X X X X
Y 3.7 Y Y Y Y Y 1.7 Y Y Y Y
Z 3.6 Z X X X X 1.7 Z Z Z Z
AA 3.6 AA AA AA AA AA 1.7 AA AA AA AA
BB 3.5 BB BB BB BB BB 1.6 BB BB BB BB
CC 3.4 CC CC — — CC 1.3 CC CC CC CC
DD 3.1 — — DD DD DD 1.1 DD DD DD DD
EE 2.6 EE EE EE EE
FF 2.4 FF FF — — NotI Sizes
GG 2.3 GG GG — — fragments (kbp) FsV-178A FsV-178B FsV-158A FsV-158B
HH 2.2 — — HH HH
II 2.1 — — II II A 67.5 A A — —
JJ 2.0 JJ JJ — — B 60.3 — — B B
KK 1.8 KK KK KK KK C 55.8 C — — —
LL 1.8 LL LL — — D 54.8 D D — —
MM 1.5 MM MM MM MM E 53.3 — — E E
NN 1.4 NN NN NN NN F 40.0 — F — —
OO 1.3 OO OO — — G 39.7 — — G G
PP 0.9 PP PP PP PP H 15.9 — H — —
QQ 0.9 QQ QQ QQ QQ
Zimm, 1987). The DNA that does enter the gel presum- hedral particles of similar size. Both viruses persistently
infect their hosts; plants grown from single vegetativeably represents viral genomes that have been randomly
nicked during the preparation of virions for PFGE. cells give rise to plants that form virus-producing sporan-
gia, yet no evidence of viral particles has ever been seenThe only other marine brown algal virus that has been
mapped and characterized in molecular detail is a virus in vegetative cells. These observations lend credence to
the notion that in both systems viral genomes are inte-infecting E. siliculosus (Lanka et al., 1993; Klein et al.,
1994). Both FsV and the EsV have large double-stranded grated into their host chromosomes.
These two marine brown algal viruses also contrastcircular DNA genomes. EsV was mapped as a circular
genome using two rare-cutting endonucleases and its in a number of significant features: (1) The genomes of
FsV are only about half the size of the EsV genome. (2)circular conformation was confirmed in electron micro-
graphs (Lanka et al., 1993). Both FsV and EsV replicate We have no evidence for large single-stranded gaps in
the genome of FsV as has been reported for the Ectocar-in the sporangia of their hosts and are packaged in icosa-
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regions in the genome of the Ectocarpus siliculosus virus. Virologypus virus (Lanka et al., 1993 and Klein et al., 1994). The
202, 1076–1078.inability of BalI to digest the viral genome of FsV suggests
Krueger, S. K., Henry, E. C., Ivey, R. G., and Meints, R. H. (1996). A 4.5-
a lack of single-stranded DNA regions in the FsV ge- kbp nucleotide sequence fragment from a large ds-DNA brown algal
nome. (3) Both systems display a temperature-specific virus contains ORFs and a ‘‘RING’’ zinc finger motif. Virology 219,
301–303.component of virus production. EsV replicates only at
La Claire, J. W. II, and West, J. A. (1977). Virus-like particles in thelower temperatures (10– 157C) and not at higher tempera-
brown alga Streblonema. Protoplasma 93, 127–130.tures (207C), inspiring speculation about the seasonal
Lanka, S. T. J., Klein, M., Ramsperger, U., Mu¨ller, D. G., and Knippers,
distribution of viral particles based on seasonal fluctua- R. (1993). Genome structure of a virus infecting the marine brown
tion in ocean temperatures (Lanka et al., 1993). In the alga Ectocarpus siliculosus. Virology 193, 802–811.
Lee, A. M., Ivey, R. G., Henry, E. C., and Meints, R. H. (1995). Character-Feldmannia system we observe virus production across
ization of a repetitive DNA element in a brown algal virus. Virologythe full temperature range although there is a tempera-
212, 474–480.ture-specific requirement for each viral variant. This sug-
Levene, S. D., and Zimm, B. H. (1987). Separation of open-circular DNA
gests that FsV is present in the environment throughout using pulsed-field electrophoresis. Proc. Natl. Acad. Sci. USA 84,
the year but with seasonal fluctuations among the differ- 4054–4057.
Mu¨ller, D. G. (1991). Mendelian segregation of a virus genome duringent variants.
host meiosis in the marine brown alga Ectocarpus siliculosus. J.
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